Aztrtdmylqumones, such as 2,5-bts(l-aztridmyl)-3,6-bis(ethoxycarbonylamino)-l,Cbenzoqumone (Diaziquone, AZQ) ( Fig. l) , are mterestmg antitumour agents. Aziridmes are alkylatmg moieties, whereas the presence of a qumone function offers the possibihty of bioreduction.
Indeed, bioreductive activation of aziridinylqumones, followed by the formation of an alkylating species by protonation and opening of the aziridmyl rings on nucleophilic attack, has been proposed as the pos- bihty of AZQ [7, 8] and other azindinylquinones [9-121. The electrochemical properties of relatively simple quinones, as model compounds of aziridinyl-and other more complex quinones, were reported in Part 1 [13] . This study was aimed at the elucidation of the mechanism of formation of the alkylating species of AZQ in aqueous solutions. The two aziridinyl rings and ethoxycarbonylamino substituents of AZQ can undergo acid-base reactions. These reactions and the number of substituents complicate the interpretation of the electrochemical data for AZQ. To separate individual acid-base reactions and to distinguish the role of individual substituents, the electrochemical properties of simpler 1,4-benzoqumones and l,Cnaphthoquinones, bearing only one azindine and only one ethoxycarbonylamino group and/or simpler amino substituents, were also studied. In addition, the influence of methyl substitution of the aziridinyl moiety at the 2-position was investigated.
EXPERIMENTAL

Chemicals
The compounds studied are listed in Table 1 . The synthesis or source of I, II and XIII has been described elsewhere [13] . III-VI were synthesized according to [14] . Compound VII was prepared starting from 2-chloro-3-(ethoxycarbonylamino)-1,Cnaphthoqumone [15] and aziridine in the presence of triethylamine in benzene analogously to the synthesis of 2-(chloroacetylamino)-3-(substituted-1-aziridinyl)-1,4-naphthoquinone described by Casini et al. [16] : m.p. 171°C (decomposition) (ethanol) {lit. [17] m.p. 171°C (decomposition)}.
AZQ (VIII) was a gift from the Drug Synthesis and Chermstry Branch, National Cancer Institute, MD, U.S.A., and was used as received. The methyl-substituted analogues of VII and VIII, i.e., IX and X, were prepared as described in [15] and [18] , respectively.
Compounds XI and XII, VlZ., 2-[(2-hydroxy)ethylamino]-1,4-naphthoquinone and 2,5-bis[(2-hydroxy)ethylamino]-l,Cbenzoquinone, were synthesized as described in [19] and [20] , respectively.
Compound XIV was obtamed from Aldrich Europe (Janssen Chimica, Beerse, Belgium). Two additional compounds were synthesized, viz., 2-(ethoxycarbonylamino)-1,4-naphthoquinone (XV) and 2,5-bis(ethoxycarbonylamino)-1,4_benzoquinone
(XVI). However, the poor solubility of these quinones made their electrochermcal analysis in aqueous media impossible. It was therefore decided to omit the description of their relatively complicated pathways of synthesis in this paper. 
Apparatus
The apparatus used in direct current (DC) and differential-pulse polarography (DPP) has been described previously [13] . All potentials given here were measured vs. Ag/AgC1/3 M KCl, using the reduction of thallium as an external standard [ (CPE) was carried out at a mercury pool electrode with a surface area of ca. 7 cm2, using a Bruker E310 electrochemical system as the potentiostat.
Stirring was done by bubbling nitrogen through the solution.
Procedures
Procedures to obtain El,,-pH and l-pH plots of DC curves, to calculate the number of electrons transferred (n) and to correct E,,2 and E, values for day-to-day variations m the reference electrode were the same as reported previously [13] .
In DPP analysis, the pulse amplitude was varied over a range from 5 to 100 mV, using a scan rate of 2 mV s-l and a drop time of 2 s. CPE was carried out m 10.0 ml of a 0.05 mM solution of the compound m 0.1 M phosphate buffer (pH 7.0). Before the electrolysis was started, a complete DC curve was recorded; the electrolysis potential was selected m the plateau of the curve.
The course of the electrolysis was momtored at appropriate time intervals by means of DC polarography.
In CV experiments, the chemical reversibility at pH 7.0 was examined, using a variable scan range and a scan rate of 115 mV S-I.
RESULTS
Electrochemistry
of 2-(1 -azlnhnyl)-1,4-naphthoqumone (III) and 2,.5-bu(l-azwldmyl)-l,I-benzoquinone (IV)
Being the simplest monoand bis(l-aziridinyl)quinones of the present series of compounds, quinones III and IV were exammed in detail. The results will be presented extensively here. Results for compounds V, VII and IX are summarized in Fig. 4 and Table 2 and those of VI, VIII and X in Fig. 5 (Figs. 4 and 5) , whereas the lirmting current depends on pH in addition to the time scale of the experiment (Figs. 4-7) . The current of wave l2 of III equals that of z1 at pH 7, whereas that of IV is approximately double the height of wave lI at pH 7 (Figs. 4a and 5a, respectively).
The current decreases rapidly at pH > 6.5 and, as was proved by repeated polarographic scans, independently of time. Thts decrease is in the shape of a dissociatton curve with an inflection point at a pH of about 8.0 (III) and 7.5 (IV), respectively. In the pH range 7-5 the height of z2 of III and IV decreases gradually, which was also proved to be independent of time. At pH < 5, the current of wave l2 decreases rapidly and curves recorded at more acidic pH no longer show tlus wave. The addition of a few drops of A small pre-wave could be observed in front of wave I, for all the qumones examined and m the whole pH range studled. A strong dependence of the E,,, values on pH can be observed in the E I,2-pH plots of qumones III ( Fig. 4a) and IV (Fig. 5a) . Comparison of the half-wave potentials of wave pi of 2-(dtmethylamino)-1,4-naphthoqumone (I) (Fig. 2a , E,,2 = -374 mV) and of III (Fig. 2b , E1,2 = -259 mV> at pH 7.0 shows that "closure" of the dimethylammo group to an aziridmyl ring facilitates reduction of the compound ( Table 2) . Comparison of the half-wave potentials of wave t, of 2,5-bis(dimethylamino)-1,4-benzoquinone (II) (Fig. 3a , E1,2 = -320 mV) and of IV (Fig. 3b , E 1,2 = -105 mV) at pH 7.0 also shows that reduction of the compound is facilitated in the case of the aztridinylquinone IV.
Determmatron of the type of current of waves I, and z2. In order to examme the type of waves t1 and I~, the dependence of 1 on the concentration of III (c) and on the mercury pressure (h) was investigated.
Wave l, shows a linear dependence on the concentration of III at pH 7 and wave l2 reveals a more or less parabolic dependence (Fig.  8a) . A linear dependence of the current of both waves on fi at pH 7 can be observed (Fig. 8b) . However, only wave I, shows a linear dependence on fi at pH 9. Wave z2, at about 10% of tts maximum height, is independent of the mercury pressure under these conditions (Fig. 8~ ). These and wave current (I) on pH for the polarographlc reduction waves 1, 2, 5 and 7 obtamed at a droppmg mercury electrode for 005 mM solutions of (a) 2-
, obtamed by direct current polarography from + 200 to -1500 mV at a scan rate of 2 mV SC' and a drop time of 2 s results point to a diffusion-controlled behaviour of Q, independent of pH, whereas that of z2 is kinetically controlled, hrrnted by the rate of a chenncal reaction, partly at pH 7 and completely at pH 9 [22]. The chemical process mvolved is strongly dependent on pH, as can be concluded from the pronounced dependence of z2 on pH. Controlled-potentzal electrolyszs. CPE of III was carned out at -400 mV, a potential Just in the beginning of the diffusion plateau of wave zI at pH 7 (Fig. 9 ). After 15 min of electrolysts, a DC curve was recorded, showing a new oxidatron wave zr' and a smaller reduction wave z, (E,,* = -226 and -259 mV, respecttvely), accompanied by a very small post-wave.
Wave I~ was hardly affected, the current remaming at about its ortgmal value.
CPE of IV at pH 7 yielded srmtlar results. After 15 min of electrolysts at -250 mV, a decrease m the current of zr, to about 50% of its ortgmal height is observed, which is accompanied by the appearance of an oxidation wave 1; of equal height (El,2 = -70 mv). Wave z2 is hardly affected durmg the course of this experiment and remains virtually at its original height.
Dlfferenttal pulse polarography. DPP analysis of III and IV at pH 7 also shows two steps, peak zi and peak I~ (III, Fig. 2c , E,, = -212 mV, E,, = -900 mV; IV, Fig. 3c , E,, = -60 mV, EP2 = -820 mV). In DPP at pH 7, peak z2 is much smaller than peak zi, in contrast to DC polarography, where ii and z2 of III are of approximately of equal height and even a ratio of z2/1i of 1.7 was determmed for IV. A plot of the amplitude applied against W,,z (width of the peak current at half its maximum height) is presented m Fig. 10 . Peak I, becomes relatively broad on increasing the amplitude, approaching a value of W,,z (m mV) equal to the amplitude applied, suggesting a reversible two-electron reduction process [23] . Peak z2, however, becomes relatively sharp on increasing the amplitude.
Cyclic when in scan 1 the cathodic sweep is reversed at -500 mV, shortly after peak I, (E,, = -289 mV), only peak zi' (Ei, = -237 mV) is observed on the CV curves of III. However, on reversmg the potential scan at -1100 mV, shortly after peak l2 (scan 2), a new peak 14 appears at ca. -310 mV on the curves of III. A second reductive sweep on the same mercury drop confirms the reversibthty of the couple 2,/z; (not indicated in Fig. 11 ). Analogously, when the cathodic scan is reversed at -500 mV, shortly after peak l2 (scan 1) (E,, = -135 mV), only peak I~ (Ei, = -69 mV) is observed on the CV curves of IV. However, on reversing the potential scan at -1300 mV, shortly after peak lz (scan 2) (E,, = -980 mV), two new peaks I; and I: appear on the curves of IV and a second reductive sweep on the same mercury drop (not indicated in Fig. 11 ) confirms the chemical and electrochemical reversibthty of the couples 1,/z; and 1,/z:. In summary, during CV at pH 7, reversible couples I,/z;, z3/1; and I,/I~ are formed whereas generation of z3 and zq depends on the irreversible reduction process of peak I~.
Electrochemutry of compounds XI-XVI Compounds
XI-XIV
were mcluded m this study because they are potential degradation products of III and IV. Only some of the experimental data are presented here. DC polarograms of quinones Xl and XII show only one, well developed reduction wave z,, correspondmg to a two-electron reduction process m the entire pH range (Fig. 12) .
The DC polarographic behaviour of XIII has been discussed previously [13] . Polarographic analysts of qumone XIV indicates the occurrence of new, complicated phenomena. Pre-waves, post-waves and maxtma can be observed on the polarographic curves of XIV, which will not be discussed here, however.
The poor solubility of 2-(ethoxycarbonylamino)-1,4-naphthoqumone 
DISCUSSION
General mechamsm of reduction of mono(lazrrtdmyl)qumones
It is evident that wave l1 can be attributed to the reversible two-proton, two-electron reduction of the qumone moiety to the corresponding hydroquinone (Scheme 1, Eqn. 1). The sequence of proton and electron uptake probably takes place as outlined previously [13] . Wave z2 corresponds to an irreversible two-electron reduction process, which 1s strongly dependent on pH and 1s kinetically controlled.
Further, a new reversible couple is formed during this process. Takmg into account the fact that the dimethylamino analogue (I) does not show this wave, it can be concluded that l2 can be attributed to an irreversible reduction of the azirldine (Scheme 1, Eqns. 2 and 3). This reduction process involves a two-proton, two-electron opening of the aziridine rmg to the corresponding ethylaminohydroqumone, as has been described for some azindinylquinones [24-301. The product formed is responsible for the appearance of peaks 1,/z; in CV (Scheme 1, Eqn. 4, Fig. 8a ). The kinetic character of wave z2 is caused by the fact that the azlridine has to be in protonated form (Eqn. 2) before reduction can take place. This also explains the strong dependence of z2 on pH. Because this reduction takes place at relatively negative potentials, the quinone is already reduced to the hydroquinone (Eqn. 1). Hence, the current of I~ 1s limited by the rate of protonatlon of the azindme attached to the hydroqumone function and will therefore decrease when the pH of the buffered solution becomes too high to protonate the azindine of the hydroquinone. Consequently, the decrease in z2 with increasmg pH has the shape of a dissociation curve, reflecting the amount of protonated and unprotonated species at the surface of the mercury electrode; the pH at the point where the DC current is half its maximum height corresponds to a 1: 1 ratio of protonated and unprotonated species and therefore to the pK, value of the aziridine of the hydroquinone. Consequently, at pH > pK, a kinetic DC wave is observed and at pH < pK,, when protonatton can take place easily and 1s no longer rate controlling, a combmatron of diffusion and kinetically controlled behaviour can be expected. The data currently available show that adsorption phenomena cannot be excluded. The small pre-wave observed in DC polarography of all quionones may be caused by adsorption of the quinone at the mercury surface, whereas wave z2 may be affected by adsorptton of the hydro- Indications for the latter process were where the current of peak I,' 1s larger than the found m the absence of wave l2 at pH 7.0 in the current of peak 2;. This may point to adsorption presence of Tnton X-100 and in CV processes. For this reason, pK,, and pK,,, are defined, which include a possible mteraction of the compound and/or the product of electrolysis with the electrode surface, influencing protonation of the aziridines. Both pK,, and pKred, determmed from the l-pH plots of wave I, and wave 12, respectively, may be higher than the true pK, of the aziridmyl ring of the qumone and the hydroqumone (pKF and pK,HQ, respectively; see [13] ). The gradual decrease in zz from pH 7 to 5 may be caused by hydrolysis of the protonated aziridine to an ethanolamino function (Scheme 1, Eqn. 5) before reduction can take place. Hence the protonated aziridmyl ring is subjected to two processes: first reductive opening of the rmg and second hydrolytic opening of the ring. These processes will always compete for the aziridmmm ion at the electrode surface and the current of I* will therefore only reach its theoretical value when hydrolysis is negligible during the drop time.
Although, followmg quinone reduction, protonation of the aziridinyl ring takes place (wave zz) and a pK,,, value of 8 can be determined from the I-pH plot for III, no inflection point can be observed in the E,,,-pH plot of wave I, at pH 8. An explanation for this observation might be the fact that, after qumone reduction, subsequent protonation of a functional group will only attribute to an increasing slope m the E,,,-pH plot when the protonated form is stable and is, as such, present in the electrode double layer or at the electrode surface. Protonated aziridines, however, are known to be extremely unstable [6] and, therefore, protonation will be immediately followed by either hydrolytic cleavage of the ring by nucleophihc attack of a buffer component which opens the ring, or by reduction of the ring by uptake of a second proton and two electrons. The ratio of protons and electrons (m/n) of the electrode process involving the qumone reduction will remain 1 and, since the process was proved to be reversible, a slope of 60 mV pH-' will be observed m the E,,,-pH plot for wave I,, despite subsequent protonation of the aziridine. The pK,,, value can also be determined from the E,,,-pH plot for wave zz, where it corresponds to the pH where E,,2 becomes mdependent of pH. However, E,,2 values are difficult to determine in this pH region, owing to low values and a broad shape of the current of wave I~. Therefore, the pK,,, value can be determined more accurately from the z-pH plot. Because an accurate measurement of the height of the wave is thwarted, the estimated error is 0.2-0.3 units.
The chemical stability of III is also strongly affected by the mtroduction of the aziridinyl ring. Whereas decomposition processes of a simple aminoqumone were observed only in extremely alkaline conditions over a long period of time [13], the aziridmylquinone III shows these processes m a relatively wide pH range over much shorter time periods.
Degradation of the parent compound prior to quinone reduction leads to a decrease m the concentration of III with time and to an increase in that of the degradation product formed. The parent compound and degradation product could be distmguished electrochemically (Fig. 4a ) and the polarographic curves of the finally formed product, wave I~, correspond well with those of the pure ethanolammoqumone XI, recorded under
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identical conditions (Fig. 6) . Consequently, wave product of III (Scheme 1, Eqns. 6-8). The total z5 can be attnbuted to the reduction of 2-(ethanolcurrent (I~ + z5) remains at the original level of iI amino)-1,4-naphthoquinone XI, as a degradation at pH 7, indicating that the total amount of (Continued  on p qumone does not change. The inflection point in the I-pH plot of wave l1 at pH 3.3 corresponds roughly with the pK,, value of the aziridinyl ring of the quinone (Scheme 1, Eqn. 6). The inflection point in the E,,,-pH plot of wave l5 at pH 3.5 corresponds to the pK, value of the aminoethanol function of the hydroqumone (pKsuQ; see [13] ). Analogously, wave i, can be attributed to the reduction of 2-hydroxy-1,Cnaphthoquinone (XIII), again as a degradation product of III under alkaline conditions (Scheme 1, Eqns. 9-11). Both types of degradation processes of aziridinylquinones have been reported [7-121.
The polarographic curves of III (waves I, and I,), XI (wave zi) and XIII (wave zi) show a less steep slope of the wave and sometimes even minor wave splitting into two separate one-electron waves at alkaline pH can be observed. This indicates a slightly increased stability of the radical amon formed by the first electron uptake. A change in the reduction mechanism from eeHH to eeH and finally ee is observed for all compounds, as demonstrated by a decrease in the slope of the E,,,-pH plot until it becomes independent of pH. Inflection pomts correspond to the pKyQ values, as discussed previously [ 131.
General mechamsm of reduction of bu(lazwidmy1)qumone.s
The reduction mechanism of bis(l-aziridinyl) quinones (Scheme 2) is roughly similar to that of mono(l-aziridinyl)qumones, but some extra waves due to other degradation products are observed. The general reduction mechanism of symmetrical bis(l-aziridmyl)quinones with equivalent azuidme groups, i.e., with equal substituents at positions 3 and 6 (such as IV), is simpler than that presented m Scheme 2; in some equations, several structures are redundant. Quinone reductton can be followed by protonation of only one (Scheme 2, Eqn. 2) or of both aziridmes (Eqn. 3), accompamed by the irreversible, reductive opening of the ring, consuming two electrons for each azindme (Eqns. 4 and 5). The resulting ethylaminohydroquinones are responsible for the peaks z,/r 4 (one aziridme opened) and I,/I~ (both aziridines opened) in the CV of IV (Scheme 2, Eqns. 6 and 7; Fig. llb) . Again the aziridine has to be in the protonated form (described by pK,,,, and pK,,,, m Eqns. 2 and 3) before reduction can take place.
The aziridmes can be protonated and subsequently reduced one at a time (Eqns. 2 and 4, followed by protonation and reduction of the second ring, winch is not indicated in the scheme) or the aziridines can be protonated and reduced simultaneously.
In the DC polarographic, CV and DPP study of IV, one broad wave (peak) l2 is observed, indicating that under the conditions used both aziridines seem to be protonated and reduced almost simultaneously.
In CV experiments on IV, however, it is demonstrated that when the switching potential was set Just in front of peak I~, two reversible couples i,/~; and z,/zi were formed, (hydro)quinones with one and two aziridines reductively opened, respectively.
Hence a small difference in the pK,,, value of the aziridinyl rings can be observed, which is, however, too small to separate wave z2 into two single waves of one aziridine reduction each. This difference in the pK, value of the aziridinyl rmgs may be larger when the substituents in positions 3 and 6 are no longer identical but have significant different electronic and/or steric properties. The current of I~ of IV is limited by the rate of protonation of the aziridines attached to the hydroquinone function and will, therefore, decrease when the pH of the buffered solution becomes higher than the pK,,, of the azuidines of the hydroquinone.
The decrease in r2 on increasing pH again has the shape of a dissociation curve. Although a current of I~ lower than the theoretical value of four electrons can be frequently observed [as a result of hydrolysis of the protonated aziridine(s) to the ethanolaminohydroquinones at the electrode before reduction can take place, Scheme 2, Eqns. 8 and 91, a relatively accurate value of pK,,,, (7.5 k 0.1) can be found by using the point of intersection of wave z2 with wave zi (which corresponds to a two-electron uptake). Because the protonated aziridinyl rmg is unstable and either reductively or hydrolytically opened, no inflection point can be observed in the E,,,-pH plot of wave zi of IV (see above).
Wave I~ can be attributed to the reduction of 2,5-bis(ethanolamino)-1,6benzoquinone
as the final degradation product of IV in acidic media (Scheme 2, Eqns. 10-15). The mono(l-aziridinyl) quinones 18 and/or 19 (Scheme 2) are the mtermediate products formed and responsible for wave zs in the polarographic curves. Wave z, can be attributed to the reduction of an intermediate,
2-(1-aziridinyl)-5-hydroxy-1,4-benzoquinone (Scheme 2, Eqns. [16] [17] [18] whereas wave ls corresponds to the reduction of 2,5-dihydroxy-1,4-benzoqumone (Eqns. [19] [20] [21] . Smnlar indications of an increased stability of the radical amon formed by the first electron uptake, as found for III, have been observed for the waves l,, z7 and ls of IV. Inflection points in the E,,,-pH plot correspond to pK,HQ values of IV and its degradation products. In alkaline media an additional degradation product of AZQ (VIII) can be formed, its reduction corresponding to wave zg. This wave was not observed with X. Further, a small anodic pre-wave in the polarographic curves of VII, VIII, IX and X at pH > 8 has been observed, m addition to the cathodic pre-wave mentioned previously. This phenomenon may be related to the dissociation of the ammo hydrogen of (one of) the ethoxycarbonylammo side-chain(s), since this proton has weakly acidic properties owmg to the electronwithdrawing properties of the qumone function and the carbonyl function of the ethoxycarbonylammo side-chain. The lone pair of electrons of the basic form nnght be delocalized over the qumone function, potentially yieldmg an oxidizable species. No further attempts have been made to clarify the processes responsible for wave I~ and the prewaves observed with the qumones exammed m this study.
The mflection point m the z-pH plot of wave I, however, the chemtcal stability of the azirtdmes is increased on mtroductton of the ethoxycarbonylammo functions, as can be observed by a decrease in kobs and a change in the I-pH plots of waves zi and l5 of IV and VIII. Hence protonation of the azindines after qumone reduction is favoured, whereas protonation prior to quinone reduction 1s not. In addition, tt can be observed from the kob5 values m Table 2 that III-VI, lacking a substituent at the posttion adjacent to the aziridinyl ring, are the most sensitive towards the acid-catalysed hydrolysis of the aziridinyl moiety.
These results may be explained as follows: prior to qumone reductton, aztrtdine protonation seems to be virtually unaffected by the electronic character of the substttuents and may be mainly governed by their steric properties and by the presence of a methyl function at the 2-position of the aztridinyl ring, as will be discussed below. The strongly electron-withdrawing influence of the qumone moiety on protonatton of the aziridine(s) IS probably superior to the electronic effect of the qumone substttuents.
Once reduced to the more electron-donating hydroquinone, however, electronic effects of quinone substttuents become more Important and influence protonation of the aziridines. Further, m addition to their electronic character, the steric properties of the substttuents and their abihty to form a hydrogen bond with the aziridmyl ring may also affect aznidine profonation, as demonstrated by the electrochemical analysts of a series of aziridinylqumoid analogues of AZQ, having quinone substituents of different electronic and steric character. The results will be presented m another paper.
Influence of methyl substltutlon at the 2-pontoon on the ease of protonatlon of the azwtdme(s)
The influence of methyl substitution at the 2-posttton on the ease of protonation of the aztridine(s) can best be examined by comparmg compounds III and V, and IV and VI. No definite conclusion can be drawn from the pK,,, values of III and V. Their kob\ and pK,, values, however, clearly reveal an increased lability towards acidcatalysed hydrolysis on methyl substitution of the azirtdme. These effects are even better demonstrated by comparison of the data obtained for IV
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and VI, revealing a significant increase in pKred2 from 7.5 to 8.1, accompanied by an increase in k obs and PK,,.
The results of thts work on the electrochemistry of AZQ are in agreement with previous reports on the electrochemistry of azirtdinylqumones [24- 
